Esophageal squamous cell carcinoma (ESCC) is a common cancer in China and has a high mortality rate. MicroRNAs (miRs) are a family of post-transcriptional regulators, which negatively regulate target gene expression. miR-613 has been revealed to be a diagnostic and prognostic biomarker in ESCC. However, the role of miR-613 in ESCC remains unclear. In the present study, miR-613 expression was identified to be reduced in tumor tissues in comparison with corresponding adjacent normal tissues. TargetScan and a dual-luciferase reporter assay verified glucose-6-phosphate dehydrogenase (G6PD) as a direct target of miR-613. In contrast with miR-613, G6PD expression was increased in tumor tissues compared with matched healthy tissues. Furthermore, overexpression of miR-613 inhibited cell migration and invasion of Eca109 cells compared with controls, while G6PD overexpression reversed the inhibition induced by miR-613, as determined by wound healing and Transwell assays. In addition, miR-613 overexpression decreased the mRNA and protein expression of G6PD, matrix metalloproteinase (MMP)2 and MMP9, and reduced the phosphorylation of signal transducer and activator of transcription 3 (STAT3) compared with controls, while G6PD reversed the effects of miR-613. However, miR-613 and G6PD did not affect the expression of STAT3. In conclusion, the aforementioned results suggest that miR-613 targets G6PD to suppress ESCC cell migration and invasion through reduced MMP2 and MMP9 expression and inactivation of the STAT3 signaling pathway. Thus, the present study may provide a new molecular foundation for treatment of ESCC.
Introduction
Esophageal cancer (EC) is the sixth most common cause of cancer-associated mortality worldwide (1) . Esophageal squamous cell carcinoma (ESCC) is one of the most prevalent ECs in China, particularly in North-Central China, and accounts for 90% of all cases of EC (2) . Surgery alone remains the standard treatment for patients at the early stage (3) . However, ESCC is typically diagnosed at an advanced stage, due to a lack of clinical diagnostic techniques (4) . Lymph node metastasis occurs in ~40% of patients with ESCC, which results in poor prognosis (5) . The overall 5-year survival rate of ESCC patients is only 15-25% (6) . The development of targeted therapy and improved understanding of the pathogenesis and molecular mechanisms underlying ESCC should facilitate the early diagnosis and treatment of ESCC.
MicroRNAs (miRNAs/miRs) are a family of short non-coding RNAs, which have been identified as post-transcriptional regulators (7) . miRNAs can negatively regulate translation processes through binding to complementary sequences in the 3'-untranslated region (3'UTR) of target mRNAs (7, 8) . Alterations to the expression of miRNAs are the cause of numerous human malignancies (9) . Furthermore, miRNA expression profiling is associated with the diagnosis, staging, progression and treatment of human cancers (10) . A number of miRNAs are involved in biological and pathological processes in ESCC (11) . Previous studies have reported that miR-613 functions as a tumor suppressor in human cancers, including glioma (12) , hepatocellular carcinoma (13) , non-small cell lung cancer (14) and laryngeal squamous cell carcinoma (15) . In ESCC, miR-613 has been identified as a diagnostic and prognostic biomarker for patients (16) . However, the molecular mechanism underlying the action of miR-613 in ESCC remains largely unknown.
The present study confirmed the expression of miR-613 in ESCC tissues. Overexpression of miR-613 was then revealed to suppress cell migration and invasion in vitro in comparison with controls. Notably, glucose-6-phosphate dehydrogenase (G6PD) was identified as a direct target of miR-613, and the overexpression of G6PD reversed the effects of miR-613. The present study may improve understanding of ESCC and assist with the development of future therapeutic targets.
Materials and methods
Clinical tissue samples. A total of 35 pairs of tumor tissues and matched adjacent healthy tissues were obtained from patients with ESCC who underwent surgery at Jiangsu Cancer Hospital (Nanjing, China) from July 2017 to July 2018. The tissue samples were frozen in liquid nitrogen and stored at -80˚C for further experiments. The average age of the 20 male and 15 female patients was 57.54 years (age range from 47-69 years). All patients had underwent surgery with no treatment after completion of pathological diagnosis and provided their written informed consent, prior to the study. The present study was approved by the Ethics Committee of Jiangsu Cancer Hospital.
Cell culture. The human ESCC cell line Eca109 was obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences. Cells were maintained in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin (all Gibco; Thermo Fisher Scientific, Inc.) in a humidified incubator at 37˚C with 5% CO 2 .
Cell transfection. The m iR-613 m im ic (cat. no. m i R10 0 03281-1-5; sequence: 5'-AG G A AU GU U CCU UCU UUG CC-3') and negative control (miR-NC; cat. no. miR01201-1-5; sequence: 5'-UUC UCC GAA CGU GUC ACG UTT-3') were purchased from Guangzhou RiboBio Co., Ltd. pcDNA3.1 vector was purchased from Shaanxi YouBio Technology Co., Ltd. The coding sequence of G6PD (NCBI accession no. NM_000402.4; forward, 5'-CCC AAG CTT ATG GGC CGG CGG GGC TCA GC-3'; reverse, 5'-CGG GAA TTC TCA GAG CTT GTG GGG GTT CA-3') was inserted into an empty pcDNA3.1 plasmid to prepare pcDNA3.1-G6PD. Eca109 cells were seeded into 6-well plates at a density of 2x10 5 cells/well. When confluence reached 50-70%, the cells were placed in serum-free medium and then transfected with 30 nM miR-613 mimic, miR-NC, empty vector pcDNA3.1 or pcDNA3.1-G6PD using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. After 6 h of transfection, the medium was replaced with complete medium and the cells were cultured for a further 48 h. Transfection efficiency was assessed by reverse transcription-quantitative PCR (RT-qPCR) as described below.
miR-613 target prediction and dual-luciferase reporter assay.
Bioinformatics prediction tools [MicroRNA Target Prediction Database (miRDB): http://www.mirdb.org/ and TargetScan Human version 7.2: http://www.targetscan.org/vert_72/] were used to predict the potential targets of miR-613, and the data suggested that G6PD was a target of miR-613. To confirm this prediction, a dual-luciferase reporter assay was performed. G6PD 3'UTR wild type (WT; 5'-CCG AGC CCA GCU ACA UUC CU-3') and mutant (5'-CCG AGC CCA GCU CAC GCA AU-3') fragments, containing the predicted binding sites of miR-613, were separately inserted in the pmirGLO vector (Promega Corporation). Eca109 cells at a density of 2x10 5 were seeded into 24-well plates and co-transfected with 200 ng WT plasmid or mutant plasmid together with 50 nM miR-613 mimic or miR-NC mimic using Lipofectamine ® 2000, according to the manufacturer's protocol. At 48 h post-transfection, luciferase activity was measured using a Dual-Luciferase Reporter assay system (Promega Corporation). Luciferase activity of Renilla was used for normalization.
RT-qPCR.
To detect the expression of miR-613, total RNA was extracted from tissue samples or Eca109 cells using a miRNeasy mini kit (Qiagen GmbH). RT was performed using a One Step Primer Script miRNA cDNA Synthesis kit (Takara Biotechnology, Co., Ltd.). The RT conditions were 37˚C for 60 min and 85˚C for 5 sec. To detect the expression of G6PD, matrix metalloproteinase (MMP) 2 and MMP9, total RNA was isolated from tissues or Eca109 cells using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). First strand cDNA was synthesized from total RNA using a PrimeScript 1st strand cDNA Synthesis kit (Takara Biotechnology, Co., Ltd.). The RT reaction conditions were 30˚C for 10 min, 42˚C for 60 min and 95˚C for 5 min. qPCR was used to determine the expression of miRNA and mRNA using a Realtime PCR Master mix (SYBR Green; Toyobo Inc.) on an ABI PRISM 7700 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The reaction conditions were as follows: 95˚C for 60 sec, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 60 sec. The specific primers were as follows: miR-613 forward: 5'-GTG AGT GCG TTT CCA AGT GT-3', reverse: 5'-TGA GTG GCA AAG AAG GAA CAT T-3'; U6 forward: 5'-GCA CCT TAG GCT GAA CA-3', reverse: 5'-AGC TTA TGC CGA GCT CTT GT-3'; G6PD forward: 5'-AGC TGG AGG ACT TCT TTG CC-3' , reverse: 5'-TGA TGC GGT TCC AGC CTA TC-3'; MMP2 forward: 5'-GGG GCC TCT CCT GAC ATT-3' , reverse: 5'-TCA CAG TCC GCC AAA TGA A-3'; MMP9 forward: 5'-TCC AAC CAC CAC CAC ACC GC-3' , reverse: 5'-CAG AGA ATC GCC AGT ACT T-3'; GAPDH forward: 5'-CTG GGC TAC ACT GAG CAC C-3' , reverse: 5'-AAG TGG TCG TTG AGG GCA ATG-3' . miR-613 quantification was normalized to U6 and GAPDH was used for the normalization of G6PD, MMP2 and MMP9. RT-qPCR data were quantified according to the 2 -ΔΔCq method (17) .
Western blot analysis. Proteins from tissues or cellular lysates were obtained using RIPA lysis buffer (Beyotime Institute of Biotechnology) on ice. Protein concentrations were determined using a Pierce BCA protein assay kit (Thermo Fisher Scientific, Inc.). Total protein (30 µg) was separated by 10% SDS-PAGE and then transferred to a PVDF membrane (EMD Millipore). The membrane was blocked with 5% non-fat milk for 1 h at room temperature. Subsequently, the membrane was incubated with primary antibodies (all supplied by Abcam) against G6PD (cat. no. ab993; 1:1,000), MMP2 (cat. no. ab92536; 1:1,000), MMP9 (cat. no. ab76003; 1:1,000), signal transducer and activator of transcription 3 (STAT3; cat. no. ab68153; 1:1,000), phosphorylated (p)-STAT3 (cat. no. ab30647; 1:1,000) or GAPDH (cat. no. ab181602; 1:1,0000) at 4˚C overnight. The membrane was then incubated with goat anti-rabbit IgG (cat. no. ab205718; 1:2,000; Abcam) at room temperature for 1 h. The protein bands were visualized using an ECL Substrate kit (Abcam), and the density of each band was quantified with Image-Pro Plus software (version 6.0; Media Cybernetics, Inc.). GAPDH was used as an internal control.
Cell migration assay. Cell migratory ability was assessed by wound healing assay. Briefly, 5x10 5 transfected cells were seeded into six-well plates and incubated at 37˚C with 5% CO 2 until the cell confluence reached 90-100%. A wound was then generated using a 10-µl sterile pipette tip and the resulting cell debris removed by washing twice with PBS. Immediately and again 24 h after making the wound, the width of the wound in each well was photographed under an inverted microscope (magnification x200; Olympus Corporation). The percentage of the wound area at 24 h compared with 0 h was quantified using a caliper.
Cell invasion assay. The invasive ability of Eca109 cells was measured using Transwell chambers pre-coated with Matrigel (24-well Transwell; 8-µm pore size filter; BD Biosciences). Transfected cells (200 µl) suspended in RPMI-1640 medium without serum were plated in the upper chambers at a density of 3x10 5 cells/ml. RPMI-1640 medium (600 µl) containing 10% FBS was added to the lower chamber. After incubation at 37˚C with 5% CO 2 for 24 h, cells on the upper surface of the filter were removed. Cells on the under surface of the filter were fixed in 4% paraformaldehyde for 10 min and then stained with 0.1% crystal violet for 15 min at room temperature. The stained cells were imaged and counted using a light microscope (magnification x200; Olympus Corporation) in five random fields.
Statistical analysis. All data analyses were performed using GraphPad Prism version 7 (GraphPad Software, Inc.). All data are presented as the mean ± standard error of the mean. Statistical analyses were performed by a paired Student's t-test between tissue samples, and one-way analysis of variance followed by Tukey's post hoc test for multiple groups. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-613 levels are reduced in ESCC tissues compared with matched controls. To investigate the expression of miR-613, 35 pairs of tumor tissues and matched adjacent healthy tissues were obtained. RT-qPCR was used to determine the miR-613 expression level. As presented in Fig. 1 , the expression of miR-613 was significantly reduced in tumor tissue samples compared with matched healthy tissues (P<0.01). These results indicated that miR-613 expression is lower in ESCC compared with healthy controls.
G6PD is a potential target of miR-613. The potential targets of miR-613 were predicted using TargetScan and miRDB. G6PD was identified as a potential direct target of miR-613. It was indicated that miR-613 could bind to the 165-171 nucleotide position of the G6PD 3'UTR but not the corresponding mutated position of the G6PD 3'UTR ( Fig. 2A) . To confirm the binding of miR-613 and G6PD, a dual-luciferase reporter assay was performed. A G6PD 3'UTR WT or mutant-containing plasmid was co-transfected with miR-613 mimic or miR-NC into Eca109 cells, and the luciferase activity was measured. The results demonstrated that miR-613 significantly reduced luciferase activity when combined with the WT G6PD 3'UTR (P<0.01 vs. miR-NC). However, there was no significant difference when the mutant G6PD 3'UTR was co-transfected with miR-613 mimic or miR-NC (Fig. 2B ).
G6PD expression is increased in ESCC tissues compared with control tissues.
To further verify that G6PD is a target of miR-613, the mRNA and protein expression levels of G6PD in ESCC tissues and matched non-tumor tissues were measured by RT-qPCR and western blotting, respectively. As presented in Fig. 3A , the mRNA expression of G6PD was significantly increased in tumor tissues compared with matched non-tumor tissues (P<0.01). Similarly, the protein level of G6PD was significantly increased in ESCC tissues compared with matched non-tumor tissues (P<0.01; Fig. 3B ).
Overexpression of miR-613 suppresses cell migration and invasion, while G6PD rescues the suppression induced by miR-613 in vitro.
The present study evaluated the role of miR-613 and G6PD in ESCC cells. miR-613 mimic, miR-NC, pcDNA3.1 and pcDNA3.1-G6PD were transfected into Eca109 cells, and untransfected cells served as the control group. The transfection efficiency was measured by RT-qPCR. The expression of miR-613 was significantly upregulated in the miR-613 mimic group compared with the miR-NC and control groups (P<0.01; Fig. 4A ). The expression of G6PD was significantly increased in the pcDNA3.1-G6PD group compared with the pcDNA3.1 and control groups (P<0.01; Fig. 4B ).
Following transfection with miR-613 mimic and miR-NC, G6PD expression was determined at the mRNA and protein levels. The expression of G6PD was significantly reduced when cells were transfected with miR-613 mimic compared with miR-NC (P<0.01; Fig. 5 ). These results suggested that G6PD was negatively regulated by miR-613.
Subsequently, cell migratory ability was measured using a wound healing assay. The results suggested that the overexpression of miR-613 significantly inhibited the migration capabilities of Eca109 cells compared with the miR-NC Figs. 6A and 7A) . Similarly, Transwell assay results demonstrated that miR-613 overexpression significantly reduced cell invasion in vitro compared with that of miR-NC-transfected cells (P<0.01). Restoration of G6PD reversed the suppression induced by miR-613 (P<0.01), and there was no significant difference in the number of invaded cells between the miR-NC group and the miR-613 mimic + pcDNA3.1-G6PD group (Figs. 6B and 7B) .
miR-613 inhibits MMP2 and MMP9 expression and the STAT3 signaling pathway, while G6PD attenuates the inhibitory effects caused by miR-613. The mRNA expression levels of MMP2 and MMP9 were determined by RT-qPCR. The results indicated that miR-613 markedly suppressed the expression of MMP2 and MMP9 when compared with miR-NC, while G6PD abolished the suppression induced by miR-613 (all P<0.01; Figs. 8A and B, 9A and B ). In addition, western blotting was performed to examine the protein levels of STAT3, p-STAT3, MMP2 and MMP9. The results demonstrated that overexpression of miR-613 significantly inhibited MMP2, MMP9 and p-STAT3 levels, while G6PD reversed the effect caused by miR-613 (P<0.01). However, there was no significant difference in the total protein level of STAT3 among the different groups (Figs. 8C and 9C) . These findings suggest miR-613 targets G6PD to inhibit MMP2 and MMP9 expression and the STAT3 pathway. 
Discussion
In the present study, the role of miR-613 and its molecular mechanism in ESCC were revealed. miR-613 levels were identified to be reduced in ESCC tissues compared with matched healthy control tissues, and miR-613 overexpression inhibited cell migration and invasion in vitro when compared with miR-NC. The target gene of miR-613, G6PD, was highly expressed in tumor tissues and reversed the inhibition of migration and invasion induced by miR-613.
The role of miR-613 in cancer is unclear, as it has been reported to serve both promoter and inhibitor functions and it is involved in tumor cell migration and invasion. miR-613 acts as an oncogene in cervical cancer, in which it suppresses tumor cell proliferation, migration and invasion (18) . In addition, miR-613 promotes the proliferation, migration and invasion of colon cancer via the targeting of protein atonal homolog 1 (19) . By contrast, miR-613 functions as a tumor suppressor in glioma, and has been demonstrated to inhibit cell proliferation, colony formation, migration and invasion in vitro and tumor growth in vivo (12) . Additionally, miR-613 suppresses cell migration and invasion of triple-negative breast cancer (20) . In the present study, the expression of miR-613 was decreased in ESCC tissues compared with corresponding non-tumor tissues. Furthermore, miR-613 inhibited the migration and invasion of ESCC cells in vitro. These findings suggest that miR-613 functions as a tumor suppressor in ESCC, which is similar to other cancer types (12) (13) (14) (15) 20) .
The underlying molecular mechanism of miR-613 was investigated in the present study. G6PD was identified as a potential target of miR-613 using bioinformatics analysis. A dual-luciferase reporter assay was then performed to confirm this finding. It is understood that G6PD is a housekeeping gene in all cells, and it is a rate-limiting enzyme of the pentose phosphate pathway (PPP) (21) . The PPP serves a critical role in cancer cell metabolism and survival, as it provides NADPH to synthesize fatty acids and generates pentose phosphates to promote nucleic acid synthesis (22, 23) . It has been revealed that the expression of G6PD is elevated in several cancer types, including renal cell carcinoma (24), hepatocellular carcinoma (25) and cervical cancer (26) . Furthermore, G6PD is associated with tumor cellular processes, including proliferation, apoptosis, migration and invasion (24) (25) (26) (27) . A previous study of ESCC revealed that G6PD inhibits cell growth and apoptosis (28) . However, to the best of our knowledge, its effects on migration and invasion are unknown. In the present study, G6PD was upregulated in ESCC tissues, which is consistent with its expression in other cancer types. In addition, G6PD expression was downregulated when miR-613 was overexpressed in Eca109 cells. Furthermore, G6PD reversed the inhibition of cell migration and invasion induced by miR-613. This indicates that G6PD acts as an oncogene and is negatively regulated by miR-613. Furthermore, it appears that miR-613 suppressed the migration and invasion by targeting G6PD.
MMPs are proteolytic enzymes that participate in the degradation of extracellular matrix, which can promote cancer progression by increasing its growth, migration, invasion, metastasis and angiogenesis (29, 30) . Downregulation of MMP2 and MMP9 inhibits tumor cell migration and invasion (31, 32) . STAT proteins, particularly STAT3, are activated in a large number of human cancer types (33) . Aberrant expression of STAT3 induces tumorigenesis and promotes cell proliferation, angiogenesis, invasion and migration (34, 35) . Previous studies have revealed that knockdown of G6PD reduces the expression of MMP2, MMP9 and STAT3 (25, 28) . In the present study, overexpression of miR-613 suppressed the expression of MMP2 and MMP9, and decreased the phosphorylation of STAT3, while G6PD rescued the suppressive role of miR-613. Additionally, neither miR-613 nor G6PD affected the total protein level of STAT3. These findings suggest that miR-613 suppresses MMP2 and MMP9, and inactivates the STAT3 signaling pathway by targeting G6PD. They also indicate that the phosphorylation of STAT3, not the total expression of STAT3, served a role in the underlying mechanism.
In conclusion, miR-613 was demonstrated to function as a tumor suppressor in ESCC by suppressing the expression of MMP2 and MMP9, and inactivating the STAT3 signaling pathway via G6PD, which inhibited cell migration and invasion in vitro. These findings indicate that miR-613 and G6PD may be therapeutic targets for ESCC.
